Molecular modeling study has been performed to assist in the design of PTP1B inhibitors using FlexX. FlexX dockings with 19 test ligands, whose structures have been determined by X-ray crystallography, were successful in reproducing the experimental conformations within the protein. An increase in biological activity is observed as hydrophobic character of formylchromone derivatives increases. Most ligands bind to the activesite regions of the protein successfully in two different score runs. The Drug score run gave better results than the FlexX score run based on the score, rank, binding modes and bond distance of docked structures. Consensus values from the CScore scoring function are between 3 and 5, suggesting that the scoring scheme is reliable. All formylchromone inhibitors considered in this work show unidirectional binding modes in the active site pocket, which is contrary to the bidirectional X-ray results by Malamas et al. and amino acid residues responsible for such orientation are identified to help further development of the inhibitors.
Introduction
A large part of signaling pathways inside the cell is regulated by phosphorylation of amino acid residues. The phosphorylation of a protein can create novel recognition mechanisms for protein-protein interaction, can control protein stability and, most importantly, can regulate enzyme activity.
1 Among them, phosphorylation of tyrosine residue is essential in regulating cellular metabolism, proliferation, differentiation, and oncogenic transformation. These reactions are catalyzed by two sets of enzymes, protein tyrosine kinases (PTKs) and protein tyrosine phosphatases (PTPs) (see Figure 1) . PTKs operate in a synthetic way (phosphorylation) while PTPs catalyze the reverse (cleavage) reaction. 2 Abnormal functions of certain PTPs-dependent signal transduction are involved in a variety of diseases such as diabetes, obesity, autoimmune disease, infectious diseases, inflammation, cancer, osteoporosis and neurodegeneration. 3 For this reason, development of effective inhibitors has been performed to design new therapeutics.
PTPs are hydrolysis enzymes that remove phosphate group from a phosphorylated tyrosine residue (pTyr). In spite of extensive studies on PTPs by many research groups, only little is known about their biological role. Since the discovery of the first PTP, many other family members have been identified, and the mammalian gene family is now known to have 90-100 members, as defined by their common ~250 amino acid catalytic domain. 4, 5 For PTPs a critical catalytic component is the active-site signature motif (H/V)C-X 5 -R(S/T) (where X is any residue). This motif has been identified as being involved in the catalytic mechanism by numerous studies using site-directed mutagenesis, enzyme derivatization and isolation of catalytic intermediates. 5 In the transition state for the initial phosphoryl transfer from the substrate to the PTP active site, cysteine (Cys) and arginine (Arg) play a dual role in both ground state stabilization and transition state stabilization. The general acid aspartic acid (Asp) is on the flexible loop that undergoes a substantial conformational change upon binding of substrate.
PTPs have been identified as novel therapeutic targets of insulin action in insulin-resistant disease. Insulin resistance in liver and peripheral tissues is a common cause of type II diabetes. 6 Recent studies have proved that one of the important functions of the intracellular enzyme PTP1B is to suppress insulin action. 7 Reduction of PTP1B not only enhances insulin sensitivity and improves glucose metabolism, but also protects against obesity induced by high-fat feeding. 8 In another experiment, inhibition of PTP1B has shown enhanced insulin signaling in preclinical models. In the phosphorylation cascade, insulin receptor and insulin receptor substate-1 (IRS1) have been implicated as substrates. Inhibition of PTP1B has been shown to stimulate kinase cascades. Therefore PTP1B inhibitors may play an important role in the treatment of type II diabetes.
As a continuing work on the computer-aided molecular design in our lab, 9,10 molecular docking study has been carried out on a series of formylchromone derivatives 11 in order to find out the best binding conformations and orientations of these ligands against PTP1B.
Computational Approach
Structural Model for FlexX Docking Validation. Reproducing the binding conformation of a ligand whose crystal structure has already been solved is an important prerequisite for the docking study of unknown compounds. In order to accomplish this, seventeen ligand-protein complexes of PTP1B family were taken from the Protein Data Bank 12, 13 (pdb code = 1C83,  14 1C84,  15 1C85,  15 1C87,  16 1C88,  16 1ECV,   15   1L8G,  17 1NO6,  18 1Q1M,  19 1QXK,  20 1XBO,  21 1BZJ,  22 1BZC,   22   1KAK,  23 1KAV,  23 1Q6J,  24 and 1Q6M   24 ). The PTP1Bs used in the X-ray structures can be classified into three groups based on their sequence identity - Group 1: 1C83, 1C84,  1C85, 1C87, 1C88, 1ECV, 1L8G, Group 2: 1NO6, 1Q1M,  1QXK, 1XBO, 1BZJ, 1KAK, 1KAV , 1Q6J, 1Q6M, Group 3: 1BZC. Two residues were different among three groups: Group 1 -Thr151, Asp252, Asp265; Group 2 -Ser151, Glu252; Group 3 -Ser151, Glu265. The ligands bound to the X-ray structures were sequentially labeled from A to Q (A: 6-(oxalyl-amino)-1H-indole-5-carboxylic acid, B: 3-(oxalyl-amino)-naphthalene-2-carboxylic acid, C:
]}bis(phosphonic acid)). In these X-ray structures, two different types of inhibitors were cocrystallized with PTP1B: ligands A-K are carboxylic acids and ligands L-Q are phosphonic acids. All water molecules were deleted from the protein except in one case. Ligand N binds to 1KAK through a hydrogen bond with H 2 O 433. 2D structures of these ligands are shown in Figure 2 . In the crystal structures, the key functional group, -COO − or -PO 3 2− , extends deep into the active site of PTP1B, making several hydrogen bonds and hydrophobic interaction. Volumes of the ligands A-Q were calculated using van der Waals surface model. 25 Recently surprising X-ray structures of PTP1B with a benzothiophene biphenyl (R) and a sulfono biphenyl (S) (see Figure 2) were reported by Malamas and coworkers. 26 In their study, the orientations of large hydrophobic groups show opposite directionality in the active site of PTP1B. In the case of R, the large hydrophobic group points toward Lys120, Lys116 and Phe182 forming van der Waals interaction and we define such orientation as "left". On the other hand, the large hydrophobic group of S forms nonspecific van der Waals interactions with the protein in opposite direction and this orientation is defined as "right". Therefore, ligands R and S are also included in the docking study. All ligands having large hydrophobic groups (G, I, J, K, M, and O) show "right" orientation in the X-ray structures.
Geometries of test ligands A-Q were extracted from the corresponding PDB files and were minimized by using the Powell method with the standard TRIPOS force field/ parameters in Sybyl 6.9 molecular modeling software 27 until an energy gradient of 0.05 kcal mol −1 was reached. 28, 29 The atomic charges of all ligands were calculated using the Gasteiger-Hückel method. 30 Since no experimental structures were available for R and S, they were sketched using the sketch module in SYBYL 6.9 and each global minimum was selected from the grid search and then was used as a starting point for FlexX docking. In order to consider the effect of hydrophobicity in ligand-protein interaction, log P was computed using TRIPOS software.
FlexX docking set was composed of 36 formylchromone derivatives labeled 1 to 36 that have been shown to have antagonistic biological activity against PTP1B. The 2D chemical structures and biological data (expressed as IC 50 , μM) of entire compounds 11 are tabulated in Table 1 . Docking. FlexX is a fast, flexible docking method that uses an incremental construction algorithm to place flexible ligands into a rigid active site and is known to perform well to reproduce X-ray structures. 31 Standard parameters of the FlexX program as implemented in SYBYL 6.9 were used during docking.
27, 32 The residues within 10 Å to the bound ligand were included in defining the active site for docking. Only Cys215 residue was selected as a subpocket. The use of a subpocket lets FlexX place the base fragment (the first placed fragment of the ligand) near one of the residues in the subpocket. All rotatable bonds were considered as flexible in the process of docking in order to identify the best binding conformation of a ligand with PTP1B. Bond lengths and angles were kept constants as given in the optimized structures. The scoring function, which is optimized to reproduce experimental binding affinities, is used to estimate the binding free energy (ΔG bind ) of the protein-ligand complex. Two separate runs were tried using different scoring functionsFlexX score or Drug score.
33, 34 Additionally, Consensus score (CScore) was also calculated. 35 CScore is the counter of good results for each ligand in each scoring functionF_score, 32 G_score, 36 PMF score, 37 D_score 38 and Chem score. 39 In each run, 50 poses were generated if possible and the poses were classified into two groups (see Table 2 ). If the key functional group (carboxylate, phosphonate or aldehyde group) points toward the subpocket, it is considered as "success" and the others as "failure". Among "success" poses, the orientation of bulky hydrophobic group (or bulkier group if two groups are present) is classified further as "right" or "left" depending on its directionality in the active site. Such classification is not possible for inhibitors with small substituents (A-F, H, L, N, 1, ~10 ) or evenly distributed substituents (P-Q, 30). Neither further minimization nor molecular dynamic simulations has been performed after the FlexX docking. As a representative case, the pose with the least root-mean-square-deviations (RMSD) was chosen as an optimal pose in FlexX score or Drug score run if the reference structure was available. If no experimental structure was available, the binding modes were checked visually and the first structure having correct interaction pattern with Cys215 was selected as the representative pose.
The top-scoring conformations showed better binding interactions with the active site residues than other solutions. SYBYL was used to generate dynamic hydrogen bonds between the docked ligand and the amino acid residues in the active site of the protein. The same software package was used to visualize the binding mode by generating fast Connolly-type MOLCAD surfaces.
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Results and Discussion
Validation Using Test Ligands A-S. In order to test the performance of FlexX docking algorithm for ligand binding to PTP1Bs, we performed two separated validation tests. In the first test, seventeen ligands (A-Q) selected from the PDB database were docked to the corresponding PTP1Bs. Docking results are summarized in Table 2 along with the volumes of ligands A-Q. Inspection of Table 2 shows that the ligand volumes showed large variations: 149.8 (C)-493.9 Å 3 (Q). The success ratio varied from 10 % to 100% among 50 poses per FlexX docking run but Drug score run gave better success ratio than FlexX score run. When the successful poses were classified further by the orientations of large hydrophobic groups, preference of right direction was observed, which is in consonant with experimental results. The poses with the smallest RMSD in reference to cocrystallized PTP1B inhibitors are summarized in Table 3 . The RMSDs of the best poses are small (< 2.0 Å) except in three cases. The large RMSDs of J, O and Q are caused by the bulky hydrophobic groups attached to the tail portion of the ligands (vide infra). When only the carboxylate (J) or phosphonate (O and Q) part of the ligand was considered, the RMSDs became smaller (0.19-1.01 Å). Another important point to notice from Table 3 is that the best poses are not always at the top ranks in both FlexX and Drug score runs. In Figure 3 , we have compared the best docked poses (in red) of ligands G, H, K, and Q with the conformations (in orange) found experimentally in the enzyme-ligand complexes. FlexX predicts that the conformations of the key functional groups located on the left lower corner of each picture in Figure 3 are very similar to those found experimentally. Large RMSD of ligand Q is caused by different torsional angles of carbon connecting phenyl difluoromethyl phosphonic tail −50.3 o (exp.) vs. 148.8 o (FlexX). In order to test the performance of the scoring functions, each score from the best RMSD poses is plotted against the experimental affinity in Figure 4 . Both plots showed random distribution of points, which suggests that it is hard to find a simple correlation for heterologous series of compounds.
In the second test, we performed the FlexX docking to verify the binding patterns of R and S against PTP1B. The X-ray structures were reported in the literature but the coordinates were not available from the PDB. In their X-ray structures, both carboxylate groups are extended deep into the active-site pocket occupying similar space and two water molecules form key hydrogen bonding interactions with the ligands. However, the orientations of hydrophobic groups are almost opposite in the active site as noted above. In the docking study, the coordinates of the protein was extracted from 1BZJ after removing the ligand L. All water molecules were also deleted from the protein because we had no information about their location. Many docking trials failed to find proper interaction pattern for ligand R (Table 2) . 15 poses were docked correctly in FlexX score run but all trials were failed in Drug score run. Surprisingly, the orientations of the large hydrophobic group was invariably "left" as found in the X-ray structure. For ligand S, correct binding pattern was found for all 50 structures regardless of scoring functions. As a representative case, top-ranked pose of R (in red) or S (in blue) from FlexX score run is depicted in Figure  5 . In this figure, MOLCAD surface was computed for the protein and was colored code by the lipophilicity (brown being very lipophilic, blue and green hydrophilic). From the above works, we have verified that the FlexX docking can reproduce the binding modes of key functional groups to PTP1B and can also give correct binding patterns for large hydrophobic groups regardless of the sizes of the ligands. Thus, we chose to use FlexX in subsequent analysis of binding of formylchromone inhibitors to the PTP1B. Structural Properties of the Ligands. In Table 1 , substituents on the formylchromone ring are classified as R 1 , R 2 , R 3 , and R 4 . Several important relationships were found between structures and biological activities: (1) IC 50 value increases as the halogen atom at R 1 becomes more electronegative (10, 4, 7) . Similar increase in activity is also found for the halogen substituent at R 2 (5, 8) but no cooperative effect is observed. (2) Introduction of NH 2 group at R 4 (2) results in marked decrease in inhibitory activity. (3) The unsubstituted analogues at R 3 are more active than the In general, we found that bulkier hydrophobic group shows enhanced biological interaction with PTP1B. When log P values were plotted against IC 50 (Figure 6 ), exponentially decreasing curve was observed. This suggests that hydrophobicity is a major component in determining biological activity of formylchromone derivatives.
FlexX Binding Models of Formylchromone Inhibitors. From the validation work, we found that PTP1B has enough space in the active site to accommodate two different types of inhibitors. Since no crystallographic data were available for the binary complexes of formylchromone derivatives with PTP1B, molecular modeling study was carried out. The binding patterns of formylchromone derivatives against PTP1B are summarized in Table 4 . From this Table, we can see that the success ratio is over 50% when 50 poses were obtained. This means that the inhibitors bind to the activesite pocket successfully in spite of simple definition of the active site. The analysis of binding pattern is also interesting for the inhibitors with large hydrophobic groups. Surprisingly, they all showed "right" preference, suggesting that van der Waals interaction between the hydrophobic group and the active-site residues is a major driving force for such directionality. In the X-ray structures by Malamas et al.; 26 however, no specific residues were mentioned except saying that the lipophilic 2-benzyl-benzothiophene tail-piece of ligand S formed nonspecific van der Waals contact with the protein. Characteristic score, rank and bond distance between aldehyde carbon and surfur atom of Cys215, d(C-S) of the best pose from each run are listed in Table 5 . In this table, rank was recorded when a proper orientation between the aldehyde group and Cys215 residue appeared for the first time among 50 poses from each run. The ratios of finding higher ranks (between 1 and 5) were 56% and 86% for FlexX score run and Drug score run, respectively. The bond length, d(C-S), was also included in Table 5 in order to check proper alignment of the aldehyde group with respect to Cys215. Based on the average C-S bond length (3.55 ± 0.33 Å) for the experimental binary complexes containing ligands A-K, most compounds have reasonable C-S bond length (2.7 Å-5.0 Å) necessary for the nucleophilic attack by sulfur atom. However, ligand 2 was unusual in many respects: i) It is only compound with a substituent, NH 2 , in R 4 position and its activity is the worst (Table 1) . ii) In the FlexX run, only 30 poses were obtained and ratio of failure is the largest among the inhibitors (Table 2) . iii) The top-scoring pose shows extraordinarily longer C-S bond length (Table 3 ). We have synthesized 5 more compounds with different substituents at this position (-NH-CO-Ph, -NH-CO-CH 2 Ph, -NH-COCH 2 CH 2 Ph, NH-CH 2 -COOC 2 H 5 , NH-CH 2 -COOH) but all of them showed worse activity than 1.
For formylchromone derivatives, total scores were −12− 26 and −25~−59 for the FlexX score run and Drug score run, respectively. Plots of −log IC 50 vs. FlexX score (or Drug score) depicted in Figure 7 show that in vitro activity increases as the score becomes more negative, but this trend is more evident for Drug score run. 2 was excluded in the plots. In general, we found that the docking by Drug score run were better than that from FlexX score run. Values of CScore were over three in all cases, suggesting that the results could be considered good.
The best conformational poses of 35 inhibitors excluding 2 were superimposed on to the MOLCAD surface of the active site of PTP1B (Figure 8) . Surprisingly, all top-scoring inhibitors are oriented toward "right" in the catalytic active site as found earlier in the X-ray structures. If so, what forces are responsible for the unidirectional orientation of hydrophobic groups of formylchromone derivatives? To answer this question, molecular interactions between top-scoring formylchromone inhibitors and the active-site residues were examined in detail. Compound 1, which bears no substituents and 34, which shows the highest biological activity are selected and compared as examples ( Figure 9 ). From this figure, we can find that the aldehyde groups of formylchromone derivatives are extended deep into the active-site pocket. The aldehyde oxygen atom of 1 forms three hydrogen bonds with Gly220 (2.34 Å) and Arg221 (1.93 Å and 1.96 Å) and the same functional group of 34 forms hydrogen bond with Arg221 (1.91 Å and 2.72 Å). Additional hydrogen bonds exist between carbonyl oxygen and Arg221 (1) or Gly220 (34) . The phenyl ring of the formylchromone skeleton is sandwiched between residues Tyr46 and Phe182. Such interaction patterns were also discovered experimentally. Five key residues are found to have close contacts with the large hydrophobic group of 34: NH 3 + groups of Arg24 and Agr254 with benzothiophene ring, backbone carbonyl oxygen of Asp48 with benzyl hydrogen, alkyl side chain of Val49 with phenyl ring attached to formylchromone ring (not shown in Figure 9 ) and alkyl side chain of Met258 with benzyl group (not shown in Figure 9 ). Note that the formyl carbon atom of 1 and 34 positioned 3.35 Å and 3.44 Å away from the sulfur of Cys215, respectively, facilitating nucleophilic attack to form S-C bond.
Conclusions
FlexX docking studies have been performed to study binding patterns of a series of formylchromone derivatives against PTP1B. To test performance of FlexX module, 19 test ligands whose volumes changed from 149.8 to 493.9 Å 3 were tried and compared with their X-ray structures. The top-scoring poses were surprisingly good in reproducing experimental structures. The orientation of lipophilic groups of R and S, which showed opposite orientations at the active-site pocket was also verified by the FlexX docking. Two types of scores -FlexX score and Drug score -were used to run Run-Multiple Ligand option of FlexX to get 50 conformations for each run. Successful binding of the aldehyde group of formylchromone derivatives to Cys215 were found in most cases. From the top-scoring structures of each FlexX run, we can propose the binding behavior of the inhibitors at the active site. The orientation of large hydrophobic group (or larger hydrophobic group) is the same as those found for most inhibitors experimentally. The residues responsible for such orientation are identified and can be used to design more compounds with enhanced activities.
